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AbstrAct
Configuring the antenna arrays is the main source of overhead in mmWave communication systems. In high mobility scenarios, the problem is exacerbated, as achieving the highest rates requires frequent link reconfiguration. One solution is to exploit spatial congruence between signals in different frequency bands and extract mmWave channel parameters with the aid of side information obtained in another band. In this article we propose the concept of out-of-band information aided mmWave communication. We analyze different strategies to leverage information derived from sensors or from other communication systems operating at sub-6 GHz bands to help configure the mmWave communication link. The overhead reductions that can be obtained when exploiting out-of-band information are characterized in a preliminary study. Finally, the challenges associated with using out-of-band signals as a source of side information at mmWave are analyzed in detail.
IntroductIon
The use of mmWave spectrum provides access to high bandwidth communication channels, leading to gigabit-per-second data rates. Multiple-input multiple-output (MIMO) systems operating at these frequencies need large arrays that provide enough antenna aperture and array gain. Antenna arrays with a large number of elements are small at millimeter-wave (mmWave), which enables its potential use in applications where the size and weight of the radio frequency stage is a limiting factor, such as wearable networks, mobile devices, and virtual reality devices. For example, [1] describes a prototype mmWave cellular phone developed by Samsung equipped with two sets of 16-element antenna arrays on the top and bottom parts of the smartphone board.
The potential benefits of large mmWave arrays are not limited to the array gain they provide or to their small weight and size. Large arrays enable highly directional transmission and reception, which reduces the amount of interference in the mmWave communication system and contributes an additional gain in data rates. Better spectrum sharing between cellular operators is also possible at mmWave. When using narrow beams, the per-user rate increases when sharing spectrum, even if there is no coordination between the operators [2] .
The benefits of using mmWave large arrays do not come for free. The main challenge when using mmWave is minimizing the link establishment and operation overhead. Several strategies for configuring the links when using different kinds of MIMO architectures have been proposed in the previous literature [3] . Analog beamformers in conventional single-stream mmWave are designed by following a closed-loop beam-training strategy based on searching a codebook that includes beam patterns at different resolutions. Although this approach leads to the selection of the best transmit-receive beam pair, it usually involves high overhead. Hybrid analog-digital beamformers are normally configured from the estimate of the MIMO channel matrix. Compressive channel estimation algorithms that exploit sparsity in the mmWave channel have been proposed as an efficient tool to acquire channel information. The overhead of this approach is lower than that corresponding to beam training protocols, but still too high in high mobility scenarios, which require frequent beam reconfiguration.
In this article, we propose to use out-of-band information coming from sensors or other communication systems operating at sub-6-GHz frequencies to aid mmWave communication link establishment, significantly reducing the associated overhead. This key idea is illustrated in Fig.  1 . The main motivation for using lower-frequency communication signals is that mmWave cellular systems will likely be deployed in conjunction with sub-6-GHz systems. Consequently, the corresponding communication signals can be used to obtain coarse estimates of channel parameters without taxing the mmWave communication resources. Further, sensors are everywhere nowadays (e.g., automotive sensors and GPS in a mobile device) or can be easily installed in an mmWave base station if needed. These sensors can provide information about the environment that can be processed as well to infer some channel characteristics (e.g., direction of arrival [DoA] from a radar signal). Our vision is that out-of-band information will be the key that unlocks the potential of mmWave communications in high-mobility scenarios.
GoInG out of bAnd
The concept of exploiting information from one band to aid communication in another band is an old idea, although this preliminary work only considers prior information coming from other
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rAdIo communIcAtIons
The authors propose the concept of out-ofband information aided mmWave communication. They analyze different strategies to leverage information derived from sensors or from other communication systems operating at sub-6 GHz bands to help configure the mmWave communication link. The overhead reductions that can be obtained when exploiting out-of-band information are characterized in a preliminary study.
communication signals. Most cellular communication systems use slightly different carriers for the transmitter and receiver, meaning that the forward channel (from base station to mobile station) differs from the backward channel (from mobile station to base station). This motivates the use of limited feedback to inform the base station about the forward channel. An alternative is to exploit reciprocity between channel parameters, and to perform beamforming based on the spatial covariance matrix and statistical reciprocity. While the channel itself is not reciprocal, prior work has argued that the spatial covariance matrix is approximately reciprocal [4] , since forward and reverse communication occurs through the same propagation paths. Although this is an interesting idea, it exploits similarities between very close bands, while we are interested in exploiting the similarities between sub-6-GHz and mmWave channels.
The propagation characteristics of mmWave signals are different, which leads to mmWave wireless channels with a different structure. Signals at mmWave frequencies are more sensitive to blockage, because millimeter waves do not penetrate solid materials very well. Due to the small wavelength, diffraction is not significant at mmWave, and the reflections are often less specular. Although more scatterers appear, only a few paths with enough energy exist. This together with the large sizes of the mmWave arrays lead to a sparsity assumption on the mmWave MIMO channel matrix, which can be exploited for beam training, channel estimation, or precoder/combiner design. It is clear that communication channels at sub-6-GHz and mmWave do not share the same parameters, and in some cases cannot even be modeled using the same approach; however, maybe there is some similarity between spatial characteristics (directions of arrival or departure, dominant scattering clusters, etc.) that can be exploited.
Early work on frequency-division duplex (FDD) channel reciprocity established the spatial similarity between channels separated by a few megahertz. Measurements reported in [5] showed that the DoAs of dominant paths for channels at 1935 MHz and 2125 MHz are very similar with high probability. Surprisingly, recent measurements confirm that some channel parameters are also similar when the center frequencies are separated by tens of gigahertz. For example, multiband channel sounding performed in [6] showed almost identical spatial characteristics at 5.8, 14.8, and 58.7 GHz, and minor differences in the cumulative distribution functions (CDF) of DoA/ direction of departure (DoD) or delay spread were observed in [7] when measuring the channel at six frequencies between 2 and 60 GHz.
Initial work that proposes the use of WiFi signals at sub-6-GHz to aid the configuration of 60 GHz WiFi links [8] reports some measurements that confirm the spatial congruence between sub-6-GHz and mmWave channels. Although more multi-band measurement campaigns are needed to establish a more precise relationship between spatial characteristics of sub-6-GHz and mmWave channels, there is enough evidence to propose the use of side spatial information obtained from sub-6-GHz signals as coarse estimation of the spatial parameters at mmWave. First, we review the challenges associated with translating spatial channel information derived at one carrier frequency to a different frequency, and directions for future work. Second, we describe an alternative approach to translation where information from different bands, sensors, or position information is used as a statistical prior to reduce overhead. Finally, we evaluate the overhead reduction that can be obtained when using out-of-band information to aid configuring the mmWave arrays.
chAllenGes of trAnslAtInG chAnnel InformAtIon between VAstly dIfferent bAnds
The design of optimal precoders/combiners to maximize the achievable rate needs perfect channel knowledge. There are other metrics that can be optimized, though, such as mean square error (MSE) or average signal-to-interference-plus-noise ratio (SINR), which lead to solutions for the precoders and combiners that only depend on estimates of the spatial autocorrelation of the received signal and the cross-correlation of the transmitted and received signal. These designs are interesting because the training overhead can be greatly reduced if the channel does not have to be perfectly estimated. Designing this kind of precoder from out-of-band information requires spatial correlation translation techniques, which can provide an estimate of the spatial correlation at mmWave from an estimate obtained from a sub-6-GHz signal.
In the context of exploiting channel reciprocity for FDD systems, prior work proposes different strategies to translate spatial correlation. Some work [4] proposes to use least squares to find a transformation operator that converts the steering vectors at one frequency, which are used to build the spatial correlation, to steering vectors at another frequency. The uplink and downlink spatio-temporal correlation in FDD systems are related by a dilation factor, so spline interpolation can be used to obtain the downlink correlation from uplink measurements [9] .
Translating the correlation information from sub-6-GHz to mmWave poses additional challenges. The correlation matrices at low and high frequencies differ in size because the number of antenna elements used in the antenna arrays at sub-6-GHz and mmWave are different in the same aperture. In addition, there is a mismatch in the angles of arrival and the angle spread. The transformation from a smaller to a larger dimension is particularly challenging, as shown in Fig. 2 , since a large correlation matrix has to be estimated from low-frequency data obtained at a few antennas. Recent work [10] proposes non-parametric and parametric spatial correlation translation techniques for single-input multiple-output (SIMO) systems using comparable apertures at mmWave and sub-6-GHz frequencies. The non-parametric approach exploits the structure in the spatial correlation matrix, and uses interpolation/extrapolation to obtain the high-frequency correlation from the low-frequency one. In the parametric approach, theoretical expressions of the high-frequency correlation are used. The parametric approach performs better but requires knowledge of the antenna array geometry used at the receiver side and the distribution of DoAs. Although this initial work gives some insights on the design of correlation translation strategies between sub-6-GHz and mmWave, additional work is needed to fully exploit out-of-band information at mmWave: considering other array geometries when using parametric translation approaches, accounting for channel parameters mismatch, and extending the results to the MIMO case.
exploItInG out-of-bAnd InformAtIon
In this section, we explain how to leverage different types of signals as side information to extract coarse estimates of different channel parameters at mmWave. We consider raw or processed sensor data and also signals from sub-6-GHz communication systems, and analyze different approaches to extract prior information that aids mmWave beam training. The challenges associated with each approach are also analyzed.
usInG posItIon InformAtIon
There are several opportunities to exploit position information to help reduce the beam alignment overhead at mmWave. Position information can be obtained from GPS at the user side, or cameras or radar at the base station (BS) side. In a vehicular communication context, position information can also be extracted from vehicular communication systems operating at lower frequencies such as DSRC, in which cars broadcast their positions periodically. Under the line-of-sight (LOS)-dominant scenario, position information can be used to compute the pointing direction and essentially eliminate the beam alignment overhead. It is important to consider the effect of position estimation error in the choice of beamwidth. It was shown in [11] that there is a tradeoff in beam width selection: very narrow beams are sensitive to position error, while wide beams provide a low antenna gain. Given a model for the position error, optimal beam designs can be found. We conclude that position information is a valuable option for fast beam configuration.
There are other alternatives to obtain position information, such as multipath fingerprinting. This is a technique used for indoor localization. It is based on measuring the multipath signature to compare it to a fingerprint database and obtain the most likely position. This procedure can also be applied in reverse: the infrastructure can collect a database of multipath fingerprints (i.e., DoA/DoDs) of paths indexed by location, and then take an estimate of position to generate a multipath angle-delay profile. This approach was recently proposed in [12] for mmWave vehicle-to-infrastructure (V2I) beam alignment. Later, we analyze the overhead reduction provided by inverse fingerprinting when compared to the beam training protocol in IEEE 802.11ad.
Recent work has shown that position information can provide fast mmWave beam alignment in V2I scenarios, but additional work is needed to extend the approach to the cellular case with mobile handsets. In this scenario, position information could be combined with device orientation to obtain appropriate beam alignment strategies. Position information could also be combined with other out-of-band information like velocity to improve accuracy in the beam alignment process. Robustness to dynamic blockages in the environment also has to be incorporated in the design of position-based beam alignment strategies.
usInG communIcAtIon sIGnAls At sub-6-Ghz frequencIes
Multi-band connectivity, where both mmWave and conventional sub-6-GHz frequencies are supported, is a likely feature of next generation cellular networks. Alternatively, other communication signals such as lower-frequency WiFi signals may be available around an mmWave communication system and have collocated infrastructure. These systems operating in parallel can also be a good source of free side information to aid in establishing the mmWave link.
One approach to use side information based on lower-frequency communication signals could be designing the precoders and combiners based on the spatial correlation, estimated from a lower-frequency communication signal, as discussed above. Other directions are also possible. A result on beam training exploiting out-of-band information [13] formulates the beam selection as a weighted sparse recovery problem. The weights are obtained from angles of arrival/departure estimated from a sub-6-GHz signal, by penalizing Figure 2 . Representation of the spatial correlation matrix for a sub-6-GHz and a mmWave MIMO system operating with the same antenna aperture. The spatial correlation at mmWave has a larger size, since a much larger antenna array is normally used at high frequencies.
Sub-6-GHz mmWave the directions of the beams that are likely to be zero. The mismatch between mmWave and sub-6-GHz paths is also incorporated when designing these weights. A different idea, illustrated in Fig.  3 , consists of using out-of-band information to design structured random dictionaries of beam patterns, instead of the purely random approach.
Out-of-band information shapes the beams in the dictionary for better compressive estimation of the channel, guaranteeing a fair gain in the strong channel directions obtained from out-of-band information.
Out-of-band information can also be used in hierarchical beam training protocols. Out-of-band aided hierarchical beam search may replace the coarse beam training stage by a direction estimate obtained from lower frequencies. In this way, the number of required stages in the beam training process can be reduced. Further, the noise level will likely be lower at sub-6-GHz, so the wrong decisions on the strongest sector in the coarse estimation stage, which lead to a failure in the beam training process, are avoided.
Developing integrated protocols that allow joint training at low and high frequencies is an interesting challenge. The idea of exploiting outof-band information not only for beam search but for channel estimation has not been investigated yet.
usInG sIGnAls from sensors
Sensors are being rapidly integrated in all the different electronic systems we use, in our environment, and even in the small personal devices we wear every day. For example, automotive sensors like radar or cameras are becoming an essential ingredient of new vehicles, with more automation capabilities; smartphones are already equipped with GPS, gyroscopes, and accelerometers; and future BSs can easily be equipped with different types of sensing technologies to acquire information about the environment. Sensors are already everywhere, and can provide information for free that can be useful for an mmWave communication system.
The concept of sensor aided vehicular communications at mmWave is new. A radar mounted on a BS can capture a broad view of the surrounding area and help the infrastructure with multiuser communication. Radar can be used to reduce overhead in the first coarse configuration of the beam directions, which can be followed by a second phase of digital hybrid precoder optimization if a hybrid architecture is being used, or a beam refinement stage in analog-only MIMO architectures. An initial approach [14] uses ray tracing simulation to show that most of the dominant DoAs for the mmWave communication signal also appear at the radar echo in a different mmWave band. Then a multiuser beamformer is designed from the spatial correlation of the radar echo, considered a coarse estimation of the spatial correlation of the true communication signal.
Sensing at the infrastructure can also be used for blockage prediction. In mmWave links, vehicles and pedestrians may block the primary (usually LOS) communication path. Static objects in the environment (e.g., trees and buildings) are another source of blockage. Assuming that the BS is equipped with a radar, a combination of radar and machine learning can detect potential obstacles and their associated mobility to improve mmWave communication performance. Information derived from the radar echo (dominant sources of scattering, velocity of scatterers, etc.) will be a source of features. Past communication performance will be exploited in the machine learning algorithm to classify particular radar responses as blockages. Combined with the map of the static environment, this information can be used to develop an algorithm for the prediction of the different types of blockage that a mobile station may experience. The results of the blockage prediction algorithm can be used to redefine the new beams that have to be used at the infrastructure side to illuminate the users.
Many research challenges remain unsolved when exploiting sensing information to aid mmWave communication. A clear relationship of the spatial congruence between radar and communications has to be established from measurements. In this way, it will be possible to compute transformations of the radar correlation, which will be better estimates of the communication signal correlation. Simultaneous sensor and communication measurements are also needed to develop similarity models. Other sensors such as lidars or cameras can be considered as well, and how to extract channel parameters from their corresponding raw signals has not been studied in the literature. Machine learning algorithms that can combine sensor and communication information to gain a priori knowledge of the mmWave channel is also a key topic to be explored.
eVAluAtIon of out-of-bAnd InformAtIon AIded mmwAVe communIcAtIon
The main advantage of using out-of-band information to aid configuring the mmWave link is overhead reduction or, seen from another perspective, an improvement in performance when using a fixed channel training length. In this section, we discuss two examples of using out-ofband information and their associated benefits. The first example uses information from a lower-frequency band, and the second one uses position information. The work in [13] presents some specific algorithms for beam search at mmWave exploiting out-of-band information extracted from a sub-6-GHz communication system. The first algorithm, Weighted Basis Pursuit Denoising (W-BPDN), solves a compressed beam search problem using the classical basis pursuit denoising (BPDN) algorithm and the mmWave received signal as measurement vector, and weighting the possible channel angular directions according to the prior information provided by out-of-band measurements. This way, the entries that are likely to be zero are penalized during the search process. A second approach, Structured Weighted Basis Pursuit Denoising (SW-BPDN), performs the first algorithm over structured random dictionaries, which contain training beams with a gain over a given threshold in the angular directions suggested by out-of-band information. Algorithm 2 in [13] describes the design of structured codebooks. We include here some new simulations to illustrate the gains of these approaches.
We consider first the simulation setup in Table 1 to evaluate the effectiveness of using a sub-6-GHz communication system to aid beam configuration in an mmWave link. We use a narrowband geometric channel model for the sub-6-GHz system and a frequency selective wideband mmWave channel model with 63 taps. For the transmission we consider orthogonal frequen-cy-division multiplexing (OFDM), with 256 subcarriers and a cyclic prefix length of 64. A raised cosine filter with rolloff 1 is assumed to model the convolution of the pulse shaping filter and the matched filter. Figure 4a shows the overhead reduction provided by W-BPDN and SW-BPDN with respect to an equivalent beam search process that does not exploit out-of-band information when the transmitter and receiver are separated by 40 m. Another way to see the benefits of outof-band information is analyzing the effective rate provided by the out-of-band information aided approach and the standard BPDN approach when the training length is fixed. Figure 4b shows the effective rate as a function of the distance between the transmitter and the receiver for the previous setup, when the number of measurements is fixed to 36. The effective rate is defined as R eff = hlog 2 (1 + |a* RX (qn)Ha TX (qn)| 2 SNR), where h = max(0, 1 -(N TX × N RX )/L H ) is the loss due to training, with /L H )the channel coherence time, a* RX and a TX are the steering vectors at the receiver and transmitter, and n and m = the estimated transmit and received codeword indices. The gain provided by out-of-band information increases with the distance, because the signal-to-noise ratio (SNR) decreases and the conventional beam search is not as effective.
As an example of using position information to reduce overhead, we can consider the inverse fingerprinting approach in [12] discussed above. To evaluate the overhead of this approach, we define the power loss as the difference in received power in dB when operating with the optimal beam pair computed from exhaustive search and the pair selected by inverse fingerprinting. Now the overhead is defined as the number of beam pairs to be trained such that the probability of power loss is less than 3 dB is > 99 percent multiplied by the number of symbols used to train each beam. To evaluate the performance of this approach, we consider a ray tracing simulation setup, assuming uniform planar arrays of sizes 8 × 8, 16 × 16, 24 × 24, and 32 × 32 with isotropic antenna elements. The curve in Fig. 5a shows the evolution of the absolute overhead of the inverse fingerprinting approach necessary to achieve a given average rate when the SNR is -16.88 dB, each beam is trained using 10 OFDM symbols, and the array sizes at the transmitter and receiver are 16 × 16 uniform planar arrays. It can be clearly observed that the proposed beam alignment scheme can achieve close to perfect alignment rate with small training overhead. Figure 5b shows the overhead of fingerprinting as a percentage of the overhead of IEEE 802.11ad as a function of the array size. To compute the IEEE 802.11ad beam training overhead, we assume a two-stage beam training with N QO narrow quasi-omni patterns and N sec sector patterns, using 32 spreading for sector search. Training length at the quasi-omni should be 32 times longer than at the sector level to achieve the same SNR level, and N QO = N sec /32. This way, the overhead for the IEEE 802.11ad protocol is computed as T 11ad = N 2 QO × 32T tr + 2(N sec /N QO )T tr , where T tr is the training length at the sector level. This expression can also be written as a function of the number of antennas at the transmitter and receiver, 
Note that IEEE 802.11ad overhead is quadratic in the number of antennas, while the overhead of inverse fingerprinting depends on the angle spread and the number of beams covering a fixed angular area, so it increases roughly linearly with the number of antennas. Simulations show that the overhead of inverse fingerprinting is less than 2 percent that of IEEE 11ad for array sizes larger than 16 × 16.
conclusIons
Configuring the antenna arrays, which can be done through beam training or channel estimation, is the main challenge for high-mobility mmWave communications, since it introduces significant overhead. Out-of-band information can provide a means to obtain side information about that channel without compromising communication resources. Some recent work has started to develop the basic mathematical tools to establish communication using out-of-band side information, like correlation translation between sub-6-GHz and mmWave. Practical beam search algorithms that exploit side information, tailored to cases of particular relevance like the vehicular setting, are also being developed. In this article, we have described the key ideas under this original approach and have analyzed the initial approaches to beam search that leverage side information obtained from sensors or sub-6-GHz communication systems. We have shown by simulation that the overhead reduction provided by these initial schemes is substantial. Many challenges remain to unlock the potential of out-ofband information at mmWave, involving signal processing algorithms, machine learning to combine sensors and communication information, and exhaustive multi-band measurements campaigns. and Planning (CAR-STOP), by the National Science Foundation under Grant NSF-CCF-1319556, and by the Spanish Government and the European Regional Development Fund (ERDF) under project MYRADA (TEC2016-75103-C2-2-R).
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